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a b s t r a c t
A coupled immersed boundary–lattice Boltzmann method (IB–LBM) is introduced to solve biomimetic
problems. Compared to the conventional IB–LBM, the strict satisfaction of no-slip boundary condition
is implemented in the current method. Consequently, the phenomenon of flow penetration that is
frequently observed in the conventional IB–LBM is fully prevented, and subsequently the force on the
boundary can be calculatedmore accurately. This feature is of importance for the simulation of biomimetic
problems. Moreover, by applying the relationship between the velocity correction and forcing term, the
boundary force can be calculated easily. Several biomimetic problems are then simulated. Based on the
good agreement between the current results and those in the literature, it may be concluded that the
present IB–LBM has the capability to handle various biomimetic problems.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).cAs typical moving boundary problems, biological and biomi-
metic problems are constantly observed in both nature and en-
gineering applications. Some examples are bird/insect flight, fish
swimming, andmicro air vehicles (MAVs), and so on.Many of these
applications involve unsteady flows togetherwith complex config-
urations and moving boundaries. To numerically solve such prob-
lems, common approaches are to use either body-fitted meshes or
fixed meshes. As compared to the former approaches that always
require a frequent mesh regeneration process, the latter ones just
use a regular fixed mesh for the discretization of flow field. Ow-
ing to such simplicity, they are very popular for biomimetic prob-
lemswith arbitrary geometries. Thereinto, the immersed boundary
method (IBM) introduced by Peskin [1] is a famous example. The
basic idea of IBM is that the immersed boundary can be modeled
by a series of Lagrangian points, and the body forces acting on the
Lagrangian points that represent the effect of boundary can be dis-
tributed into the surrounding flow field. Subsequently, the whole
flow field with discretization can be solved on a regular Cartesian
mesh.
From the methodological point of view, the IBM can be re-
garded as a technique for boundary treatment. Meanwhile, the
flow field solution can be obtained by either solving the traditional
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choice is the lattice Boltzmann method (LBM) that is an alterna-
tive to N–S solver with high simplicity and parallelism, and it has
achieved a great success for simulating various flow problems [2].
The coupling of IBMwith LBM (i.e., IB–LBM)was first performed by
Feng and Michaelides [3] and used to simulate particulate flows.
Thereafter, this method has been refined continually and utilized
to handle a variety ofmoving boundary problems [4–7]. It is known
that one key issue in IB–LBM is the calculation of forcing term.
Currently, there are two ways to treat the forcing term, i.e., ex-
plicit and implicit. In the explicit treatment that has been popu-
larly employed, the forcing term is calculated in advance by using
the penalty method [3], direct forcing method [4], or momentum
exchange method [5]. As a result, the no-slip boundary condition
is only approximately satisfied, which may induce some flow pen-
etration to rigid boundary. In the implicit treatment, on the other
hand, the boundary force is first assumed to be unknown and then
is obtained by solving a formed matrix directly [6] or applying the
iteration procedure [7]. During this process, the no-slip boundary
condition can be satisfied accurately. Compared to the iteration
procedure, it is shown that the direct method for solving the resul-
tant equation system is more efficient. Meanwhile, the boundary
force can be subsequently obtained.
In the framework of IB–LBM, the equations governing the two-
dimensional viscous and incompressible flow with the embedded
body can be expressed as
fk (x+ ekδt, t + δt)− fk (x, t)
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+ Fkδt, (1)
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· f , (2)
ρu =

k
ekfk + 12 f δt. (3)
Here, fk is the distribution function, f
eq
k is the corresponding
equilibrium state, τ is the single relaxation time, δt is the time step,
ek is the lattice velocity,wk represents coefficients that are related
to the lattice velocity model used, and f is the force density which
is determined from the boundary force density.
To satisfy the no-slip boundary condition, the force density f
in Eqs. (2) and (3) is assumed to be unknown and resolved by
enforcing the boundary condition [6]. As a consequence, the force
density f is determined by the fluid velocity correction δu, which
can be achieved from the boundary velocity correction δuB. The
final system of equations about δuB can be written as
AX = B, (4)
where X = δu1B, δu2B, . . . , δumB T ,
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where m is the number of the boundary points, and n is the num-
ber of the neighboring Eulerian mesh points. δulB (l = 1, 2, . . . ,m)
is the unknown boundary velocity correction vector, δij = Dij
xij − X lB

1x1y and δBij = Dij

xij − X lB

1sl. Dij

xij − X lB

is the
delta function,which is used to connect the flow field to the bound-
ary. For the moving boundary problems, it is shown that the use of
conventional discrete delta functions may result in non-physical
force oscillations. Hence, a smoothened 4-point piecewise function
proposed by Yang et al. [8] is utilized. It can be expressed as
Dij
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In the above equations, h is the mesh spacing,1sl is the boundary
arc length, and U lB is the boundary velocity. In addition, the inter-
mediate fluid velocity u∗ is computed by using the relationship
u∗ = 1
ρ

k
ekfk. (7)
After solving the equation system (4), the unknown δulB can be
achieved. Later, the fluid velocity correction δu can be obtained byusing the relationship
δu

xij
 =
l
δulB

X lB

Dij

xij − X lB

1sl. (8)
From Eq. (3), it is noted that the relationship between f and δu can
be expressed as f = 2ρδu/δt . Thus, the force on the boundary
point can be similarly calculated from
F

X lB
 = 2ρδulB X lB /δt. (9)
This force is exerted on the fluid, which is balanced by the hydro-
dynamic force Ff on the boundary. In addition, other macroscopic
variables in LBM are calculated by using the relationships
ρ =

k
fk, P = c2s ρ, (10)
where cs is the sound speed of the lattice model.
Compared to the conventional IB–LBM, the current method can
exactly satisfy the no-slip boundary condition, which can improve
the accuracy of solutions. Thus, the present IB–LBM can be applied
to accurately deal with both the stationary and moving boundary
problems.
The present IB–LBM has been well validated and used to simu-
late differentmoving boundary flow problems [9–11]. In thiswork,
it is applied to handle some typical biomimetic problems.
When birds/insects land on the ground or takeoff, they can
hover in the air. Meanwhile, the flow induced by the flapping
wings may interact with the ground. This phenomenon is known
as the ground effect, which has been recently studied by Gao
and Lu [12]. Compared to the situation without ground effect, the
introduction of the ground can significantly enhance the lift force
when the distance between the ground and the wing is small. On
the other hand, it is known that the flexibility also can improve
the aerodynamic performance [13]. Therefore, a rigid and flexible
flapping wing near the ground is simulated in this work.
Similar to the work of Gao and Lu [12], an ellipse foil with the
thickness ratio of 0.25 is used tomodel the wing cross-section. The
motion of the foil including translation and rotation is governed by
A (t) = Am cos (2πt/T ) , α (t) = α0 − αm sin (2πt/T ) , (11)
where T is the flapping period, Am is the amplitude of translation,
α0 and αm are respectively themean angle of attack and amplitude
of rotation. To represent the deformation of the foil, a fish-like
sinusoidal motion mode is employed
x = Bmy2 cos (2πt/T + φ) , (12)
where Bm is the amplitude of deformation and φ is the phase
difference between the translation and deformation. Same as the
work of Gao and Lu [12], Am = 1.25c , α0 = 90°, and αm = 45° are
used in the current simulation. The distance between the foil and
ground isD = c. TheReynolds number,which is based on the chord
length c and translation velocity U = 2πAm/T , is Re = 100. In
addition, Bm = 0.3c , φ = 90°, and φ = −90°. The computational
domain is 40c×20c . A non-uniformmesh can be used, inwhich the
mesh for the region around the foil (the region size is 2.4Am×1.2c)
is uniform with the mesh spacing of h = 1/80.
Figure 1 shows the timehistory of lift coefficients CL for the rigid
and flexible foils during one flapping period. It is noted that the
current result of the rigid foil shows reasonable agreement with
that of Gao and Lu [12]. From the figure, it is found that the flex-
ibility of the foil can clearly influence the lift force on the foil. In
this work, CL of the flexible foil is decreased at φ = 90° and in-
creased at φ = −90° compared to the rigid foil. Figure 2 presents
the instantaneous vorticity contours for the rigid foil and the flex-
ible foil with φ = −90°. As can be seen, the flexible foil weakens
the vorticity interaction with the ground as it comes to the peak
18 J. Wu, C. Shu / Theoretical and Applied Mechanics Letters 5 (2015) 16–19Fig. 1. Time history of lift coefficients for the hovering rigid and flexible foils near
the ground during one flapping period at Re = 100.
positions of stroke (t/T = 7/16 and t/T = 11/16 in the figure).
This behavior may explain the increase of the lift coefficient in
Fig. 1.
Besides hovering, the flapping wing also can generate thrust
force to make the birds/insects move forward. Similarly, the
flexibility can improve the locomotion capability. Same as theworkFig. 3. Evolution of thrust coefficients for rigid and flexible foils in forward flight
during one flapping period at Re = 1100.
of Kinsey and Dumas [14], a NACA0015 airfoil is used to represent
the wing cross-section. Its motion including plunge and pitch is
governed by
h (t) = hm cos (2πft) , θ (t) = θm sin (2πft) , (13)Rigid foil
Flexible foil
a
b
t/T=3/16 t/T=7/16
t/T=11/16 t/T=15/16
t/T=3/16 t/T=7/16
t/T=11/16 t/T=15/16
Fig. 2. Instantaneous vorticity contours for the rigid foil and the flexible foil with φ = −90°.
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Fig. 4. Instantaneous vorticity contours for the rigid and the flexible foils.where hm and θm are respectively the plunging and pitching
amplitudes, f is the frequency of oscillation. By using the free
stream velocity of U∞ and the double amplitude of plunge of 2hm,
the Strouhal number of oscillation is defined as St = 2fhm/U∞.
To quantitatively determine whether the foil can generate thrust
force, the nominal effective angle of attack (AoA) αn can be
used [14], which is calculated by using the following relationship
αn = θm − arctan

2πfhm
U∞

= θm − arctan (Stπ) . (14)
As shown by Kinsey and Dumas [6], the flapping foil is in the
propulsion mode if αn < 0. In addition, the deformation of the
foil is modeled by
y = Bmx2 cos (2πft + φ) . (15)
In this study, the following parameters are used, hm = 0.25c ,
αn = −10°, Bm = 0.3c , φ = −90° and St = 0.1–0.3. Moreover,
the Reynolds number based on the free stream velocity and the
chord length is Re = 1100. The computational domain is taken by
30c × 20c , and the uniform mesh spacing is h = 1/160.
Figure 3 shows the evolution of thrust coefficients CT for the
rigid and flexible foils during one flapping period. At St = 0.1, the
flapping rigid foil cannot generate the thrust force. As St increases
up to 0.2, CT partly becomes positive and it will increase with St.
Moreover, CT of the flexible foil is much larger than that of the
rigid foil, which indicates that the flexibility is of importance for
the locomotion of birds/insects. Figure 4 plots the instantaneous
vorticity contours for the rigid and flexible foils. The clear Karman
vortex street and reverse Karman vortex street can be observed at
St = 0.1 and St = 0.3, respectively.
In this study, a coupled immersed boundary–lattice Boltzmann
method for simulation of biomimetic problems is presented.
Compared to the existing IB–LBM, the current method can strictly
meet the no-slip boundary condition by calculating the boundary
force implicitly, which is implemented through the velocity
correction method. This feature is useful for handling the moving
boundary problems. At the same time, the hydrodynamic force
on the body can be calculated directly through the relationship
between the velocity correction and forcing term.The present IB–LBM is then employed to deal with some
biomimetic problems, including a flapping wing in hovering near
the ground and in forward flight. Based on the numerical results
established, good agreement between the current results and those
in the literature is observed. Therefore, it is indicated that the
present IB–LBM is robust and effective for simulation of different
biomimetic problems.
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